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Abstract 
On-line estimation of workpiece height is essential for wire breaking prevention in WEDM process. In addition, it can provide the 
reference of machining parameters setting for increasing machining speed and stability. A new on-line WEDM workpiece height 
estimation system for the iso-energy type wire EDM machine is presented. Based on the proposed specific discharge energy (SDE), 
a mathematical model relating workpiece height, feed rate and discharging frequency by a proportional constant is derived. This 
constant coined thickness identification coefficient (TIC) is found a function of workpiece height. Hence, a simplified approach is 
proposed. The value of TIC of a known workpiece height is taken to estimate the workpiece height during the WEDM process. The 
actual workpiece height is obtained by multiplying the estimated value by the correction factor of the associated workpiece height. 
Experimental results show that the system works satisfactorily. The estimation error of workpiece height is within 1 mm while the 
response time is less than 1 second in general. In the practical application of machining a workpiece with dynamic variations in 
thickness, a model relating optimum servo voltage and workpiece height that leads to maximum machining speed is established in 
advance. The servo voltage is adjusted according to the estimated height. It is found that the process can be maintained very stable 
at maximum machining speed without wire breaking. 
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1. Introduction  
There are many occasions that workpiece height 
changes during wire electrical discharge machining 
(WEDM) process. Due to servo control of the machine, 
when workpiece height is changed from thick to thin, the 
machining speed is increased accompanied by the 
concentrated discharges. Wire breaking is apt to occur as 
a result. The thickening of workpiece, on the other hand, 
leads to the decrease of the machining speed and lowers 
the production rate. For this reason on-line workpiece 
height estimation is needed. Based on the estimation, the 
machining parameters are adjusted automatically, so that 
wire breaking can be prevented, a stable machining 
process is maintained and a high production rate is 
achieved. 
Ishibashi et al. [1] and Obara [2] had both carried out 
workpiece height estimation using the concept of the 
conservation of energy. The coefficients in their models 
were hypothesized to be constant depending only on the 
materials of the workpiece. However, in practice these 
coefficients should also be related to machining 
parameters, and even to the variations of workpiece 
height. Rajurkar et al. [3] developed a single-input 
workpiece height estimation model for the adaptive 
control of an iso-frequency type wire electrical discharge 
machine based on the proportional relationship between 
the material removal rate and discharge power. To 
further improve the stability and accuracy of the on-line 
estimation, a multi-input model including gap voltage, 
feed rate, and discharge frequency was proposed [4]. 
However, the coefficient involved is related to the 
discharge frequency in either of the models. The 
algorithm only works for iso-frequency type wire EDM 
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machines but not the iso-energy type wire EDM 
machines used in this article. This is because the 
discharge frequency remains unchanged whenever the 
servo voltage is not adjusted for an iso-energy type wire 
EDM machine. Liao et al. [5] proposed a feed-forward 
neural network with back-propagation learning 
algorithm, which was used to construct the on-line 
estimation model. The developed network can 
successfully estimate the workpiece height with an 
accuracy of 1.6 mm. However, the model is lack of 
physical meaning, and many experiments are needed to 
establish the neural network. A fairly comprehensive 
review of self-tuning adaptive control system of WEDM 
to deal with variable workpiece height in machining was 
summarized by Ho et al. [6].  It was pointed out that 
some studies required a number of experiments and 
statistical techniques, and some had the drawback of 
large computation load which slowed down the 
processing speed and limited the online control 
performance. In recent years, Lee and Liao [7] proposed 
a gain self-tuning fuzzy control algorithm with grey 
prediction strategy. The cutting speed in machining a 
workpiece with varying thickness was improved. But the 
tracking performance at the sudden change of workpiece 
height was not satisfactory. Portillo et al. [8] applied the 
recurrent artificial neural networks to detect the 
degraded behaviours in a range of workpiece 
thicknesses. However, it is difficult and tedious to 
establish the decision rules. The concept of specific 
discharge energy (SDE) proposed by the authors [9] was 
applied, and a mathematical model of on-line height 
estimation was derived. Based on the estimated height 
machining parameters can be adjusted accordingly so 
that a stable machining process can be maintained while 
preventing wire breaking and increasing the machining 
speed. 
2. Theory of workpiece height estimation 
The electrical discharge machining process is 
considerably complicated, involving numerous factors. 
Fig. 1 shows the typical wave forms of voltage and 
current of a single discharge supplied by the power 
generator of the machine used in the experiment. 
Supposing that the average working voltage during the 
discharge is constant and denoted by VD, then the single 
discharge energy can be calculated by the following 
equation:  
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Fig. 1. Typical wave form of a single discharge (a) voltage, and (b) 
current 
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Hence if the proportion of abnormal discharges in the 
total discharges in a specific sampling time is coined 
abnormal discharge ratio and denoted by r, then the 
actual discharge power of the energy source, , can be 
expressed as 
))2()1((' 22 rArTFKVW ononqD       (3) 
Taking this into account, if the proportion of the 
energy that is used for material removal is defined as 
discharge efficiency and denoted by , then the effective 
discharge power  can be written as:  
'" WW                                 (4) 
Let the specific discharge energy uo, be defined as the 
energy required to remove a unit volume of material in 
the WEDM process, then 
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In the above equation, G represents the gap width, H 
is the workpiece height and F is the feed rate of the wire. 
If Eq. (5) is rewritten as 
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Let the ratio in the parenthesis be represented by , i.e. 
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then Eq. (6) becomes 
                              qFFH                                (8) 
Wherein  is referred to the thickness identification 
coefficient (TIC). The equation here is similar to the one 
presented by Rajurkar et al. [3], but the characteristics of 
TIC are different. In the work by Rajurkar et al. TIC was 
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found from experimental data, and it was a function of 
discharge frequency only, whereas in this paper a 
quantitative relationship of TIC with machining 
conditions, machining characteristics and the property of 
materials is derived based on physical consideration. 
Investigation of the property of TIC by the analysis of 
variance (ANOVA) of experimental data conducted 
beforehand has shown that TIC is only affected by Ton of 
discharge energy and uo of workpiece material, but the 
effect of servo voltage is insignificant. However, it 
should be noted that TIC will be affected by the 
thickness of the workpiece since machining 
characteristics such as r, , and G in Eq. (7) are different 
for the workpiece with different height. In order to take 
care of the instantaneous fluctuation of feed and 
discharge frequency in data processing, the average 
values F and qF are taken, and Eq. (8) is rewritten as 
F
FH q                                          
(9) 
For the iso-energy type wire EDM machine the 
discharge frequency is fixed unless the servo voltage is 
changed. F  is taken as the average value of every ten 
feeds, and mathematically in real time computation it 
can be expressed as 
)10()(1.0)1()( kFkFkFkF                (10) 
The actual workpiece height cannot be estimated by 
Eq. (9) because the corresponding , the TIC, is not 
available in advance. Instead, an alternative approach is 
proposed. The TIC in machining the same material of 
the known height H0 denoted by 0 can be obtained by 
substituting H0 and the measured F  and qF  into Eq. 
(9). This TIC is taken to estimate the workpiece height, 
i.e. 
F
FH q0
*                                    (11) 
The estimated H* is not the true one since the actual 
workpiece height H is given by Eq. (9). Comparing Eq. 
(9) and Eq. (11), it readily yield 
                            
0
*HH                                 (12) 
Defining the ratio (  / 0) as the correction factor, and 
denoted by C.F., or  
*.. H
HFC                                       (13) 
In this study, the minimal thickness of 10 mm was 
selected to compute 0, and a database of the TIC for 
various materials and discharge energies is established. 
3. Experimental validation 
3.1. Experimental equipments 
The experiments were conducted on a flushing type 
5-axis CNC wire electr ical discharge machine 
manufactured by Ching-Hong Inc., Taiwan. The main 
unit is equipped with an iso-energy power supply system 
that generates equilateral triangular current wave with a  
 
V. The wire electrode was 6-4 brass wire with a 
diameter of 0.25 mm. Its tensile strength was 95-105 
kgf/mm2, electric conductivity of 23 to 24% and the 
melting point was 930oC. Experiments were conducted 
under G95 mode. 
As illustrated in Fig. 2, in the experiment the AX5216 
counter interface card in the PC was used to collect the 
N t 
(ms). The sampling interval t is adjustable in the range 
of 20 to 1000 ms. The Instantaneously discharge 
N t (KHz). In 
the CNC unit, there was an interface circuit which 
allowed data transmission between PC and CNC via 
interface card RS-485. 
3.2. Correction factor 
The workpiece with the thickness ranging from 10 
mm to 50 mm was tested. Table 1 shows the actual 
thickness, estimated thickness, and the corresponding 
correction factor. The thickness of 10 mm is taken as the 
basis for estimation, and its correction factor is 1. By 
regression analysis, the relationship between the 
correction factors and the estimated thickness (height) 
H* can be obtained. In this case it is 
04438.10047.01084.3.. *2*5 HHFC                   (14) 
Fig. 3 shows the correction factors for various 
estimated height and the curve of the regression model. 
The regression curve is seemed acceptable. 
 
Table 1. Correction factors for various workpiece heights 
Actual 
thickness(mm) 
10 20 30 40 50 60 
Estimated 
thickness(mm) 
10 20.7 32.1 44.1 55.3 66.5 
Correction 
Factor(C.F.) 
1 0.965 0.936 0.907 0.904 0.902 
 
Ton=0.9 s, Workpiece material: SKD11 
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3.3.  On-line estimation of workpiece height 
The previously-established height estimation system was 
employed for the on-line workpiece height estimation. 
The SKD11 workpiece was machined to stair-case shape 
with the heights of 10 mm, 20 mm, 30 mm, 40 mm and 
50 mm. In the experiment, acrylic boards were erected to 
surround the workpiece to simulate a submerge-type 
WEDM machine. The machining conditions were fixed 
during the machining process. Data including estimated 
height, servo voltage, discharge frequency and feed rate 
was recorded on-line. Fig. 4 and Fig. 5 show the 
recorded data when the workpiece height was decreased, 
and increased, respectively. These two figures indicate 
that the estimated profile of the workpiece height is very 
close to that of the actual workpiece. The estimation 
error is less than 1mm, and the task of estimation can be 
completed within 1 second. It should be noted from Fig. 
5 that the decrease of workpiece height results in wire 
breaking at the height of 30 mm. At the instant of sudden 
drop of workpiece height, the feed rate will increase due 
to the servo feed control in response to the servo voltage 
(i.e. gap voltage). In general the reference of servo 
voltage (i.e. working servo voltage) is determined based 
on the current workpiece height. In this case it is the 
thickest workpiece (i.e. 50 mm). The reference servo 
voltage remains unchanged during the machining 
process. Hence wire breaking may be resulted if the 
workpiece height is continuously decreasing when there 
is no appropriate workpiece height adaptive control. On 
the contrary, for the situation of increasing workpiece 
height as shown in Fig. 4, the reference servo voltage is 
set based on the initial thinnest workpiece. In this case, 
the wire would not break but at the expense of lowering 
machining speed (i.e. productivity). If, at this stage, the 
reference servo voltage can be slightly lowered, the 
machining speed would be raised. Therefore, in the 
actual machining process, while the workpiece height 
changes dynamically, wire breaking in machining or 
increase of machining time is apt to occur unless the 
machining conditions are timely adjusted with the 
assistance of the on-line estimation of workpiece height. 
4. Servo feed control for the machining of variable-
height workpiece 
From previous section it is known that the setting of 
reference servo voltage is essential in the machining of 
workpiece of varying height. To find the appropriate 
reference servo voltage experiments of cutting 
workpiece of the same height with the maximum 
machining energy were conducted. In the experiment, 
the discharge on-time and arc discharge on-time were set 
at 0.9 s and 0.5 s, respectively, and the wire speed was 
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Fig. 4. (a) Estimated workpiece height and the corresponding servo 
voltage, (b) feed rate and discharge frequency when workpiece 
height is changed stepwise from 10 to 50 mm 
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Fig. 3. Relationship between correction factor and the estimated 
workpiece height 
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Fig. 5. (a) Estimated workpiece height and the corresponding servo 
voltage, (b) feed rate and discharge frequency when workpiece 
height is changed stepwise from 50 to 10 mm 
 
7 m/min. The servo reference voltage was adjusted so as 
to obtain the maximum area machining speed. For each 
servo voltage, discharge off time and arc discharge off 
time were lowered gradually until wire rupture had taken 
place. Table 2 shows the experiment results. The 
appropriate reference servo voltage for each workpiece 
height was selected and given in the table. For the height 
of 20, 30, 40, and 50 mm, the selected reference servo 
voltages are 55, 50, 40, and 40 V, respectively. 
It should be noted that the highest reference servo 
voltage approaches a maximum value of 70 V. This 
corresponds to the workpiece of zero thickness. On the 
other hand, when workpiece height exceeds 50mm the 
reference servo voltage approaches a minimum value of 
35 V. Hence, by regression analysis, the relationship 
between the optimal reference servo voltage and the 
workpiece height is obtained as 
)1(35 0299.0 Hr eV                           (15) 
Fig. 6 shows the servo voltages for various workpiece 
heights and the curve of the regression model. A 
comparatively good fit is obtained. Combining the 
workpiece height estimation system with the optimal 
reference servo voltage (i.e. Eq. (15)), the servo feed 
control system for the machining of variable-height 
workpiece was constructed and given in Fig. 7. The 
developed servo feed control system for the machining 
of workpiece with variable-height was implemented and 
tested. The work material and shape are the same as 
described in Sec. 3.3. Based on the height estimation, the 
reference servo voltage was adjusted duly during the 
experiment. Data including the estimated height, the 
servo voltage, the discharge frequency and the feed rate 
was collected. Through the experiments, performance of 
developed control system and decreasing workpiece  
Table 2. Machining parameters and selected optimal reference servo 
voltage for different workpiece heights 
Workpiece 
height 
(mm) 
Reference  
servo 
voltage 
(V) 
offT  
( s) 
offA  
( s) 
Area  
machining  
speed 
(mm2/min) 
Selected  
reference  
servo  
voltage (V) 
20 40 12 18 wire rupture  
20 45 12 16 88  
20 50 10 18 88  
20 55 10 14 90 55 
30 40 12 18 wire rupture  
30 45 12 14 93  
30 50 10 12 102 50 
30 55 8 10 99  
40 35 8 14 wire rupture  
40 40 8 12 120 40 
40 45 8 12 112  
40 50 10 14 96  
40 55 10 12 96  
50 35 8 10 wire rupture  
50 35 10 14 105  
50 40 10 12 115 40 
50 45 10 12 110  
50 50 10 14 95  
 
Ton = 0.9 s, Aon = 0.5 s, Wire speed = 7 m/min 
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height, respectively. It is confirmed again that the actual 
workpiece profile is accurately estimated in a very short 
time. By comparing Fig. 8 with Fig. 4 when the 
workpiece height is increasing, it is noted that the larger 
discharge frequency is achieved with the use of 
workpiece height servo feed control system. As a result 
federate is increased and a higher machining speed is 
accomplished. For the decreasing workpiece height case, 
the stability of the process is ensured (Fig. 9), and wire 
rupture is prevented while improving machining speed 
(c.f. Fig. 5).  
4.  Conclusions 
In this study, the mathematical model of thickness 
estimation was derived through the utilization of the 
concept of specific discharge energy. It was found that 
the assumption of the constant thickness identification 
coefficient or merely the function of the discharge 
frequency in the past should only be applicable for 
machining conditions where there is minor variation of 
thickness. In this paper, a correction method is proposed 
for the thickness identification coefficient. The result of 
the experiments proved that an accurate on-line 
estimation of workpiece height is attainable; the 
estimation error was less than 1 mm, while the task can 
be completed within 1 second. When machining of 
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Fig. 9. Online estimated workpiece height and corresponding servo 
voltage, feed rate and discharge frequency when workpiece height 
decreased stepwise from 50 mm to 10 mm and reference servo 
voltage is adjusted accordingly 
workpiece with dynamic variations in thickness, the 
control module together with the proposed on-line 
thickness estimation method can be applied to maintain 
the optimum servo voltage, and thus maximizing the 
machining stability, preventing wire breaking and 
raising machining speed. 
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